This paper presents the design and development of a planar robot for upper limb rehabilitation. The aim of this system is one hand to obtain information of people's upper-limb trajectories through the use of two robotic arms conformed by planar robots in order to use this information in the analysis of the movements performed by the patient during the rehabilitation. In the other hand, this system is used to correct their trajectories movement using a vibrotactile stimulus to accelerate the rehabilitation process of the patients. The results indicates that this system have a big potential for patients and therapists during the rehabilitation process.
Introduction.
Currently in Mexico there are almost 2.5 millions of people with motor disabilities, these people need rehabilitation therapies and they require specialized equipment to ensure their rehabilitation [1] . Commonly there are two big fields of rehabilitation: the rehabilitation for traumatic injuries and the rehabilitation for neurological disorders. In the case of neurological disorders, the rehabilitation is based on neuroplasticity. This concept offers the possibility to optimize the performance and neural capabilities of a person, and it is also considered as the biological foundation which supports the rehabilitation of cognitive functions that are lost due to brain damage [2] , defined as the science which studies joint neurons, structure of their networks and their function depending on new experiences. This neuroplasticity is obtained through rehabilitation routines which are substantiated in the repetition of an attempted motor activity with the objective of transmit stimulus to patients.
In the field of robotics, nowadays, planar robots are used in the field of rehabilitation and applied in patients with neurological or traumatic injuries. The end-effectors of these planar robots are connected to the hands and forearms of the patients. One of the advantages to use a planar system is because this mechanism provides high stiffness and very low weight [3] . They also have higher operating speeds, compared to any other robotic system. Planar robots recover partially or totally the function in the upper extremities of patients. They are accurate, powerful and can perform many repetitive tasks that until now are only carried out by physiotherapists.
Motor disabilities have been growing up, people with strokes are the main reason for the creation of new strategies and tools to provide efficient and effective patient care during rehabilitation. So Joel C. Perry, Haritz Zabaleta, Aitor Belloso, and Thierry Keller [4] created an ARMassist device for upper limb rehabilitation that has different modes of feedback in the clinical market or personal. By combining the gravitational plane of the arm's base, low-cost sensors, assistance of passive or active motion, visual and tactile information, and wireless communication protocol was able to create an economical device. The purpose of this device was to improve the treatment of upper limb injuries as a result of stroke, and traumatic injury.
Bades Francisco Javier, Ricardo Morales, Jose R. Serracin, Juan Rodriguez [5] designed a virtual reality system for robotic rehabilitation for patients with strokes injuries. The consequences of this disease involve in most of patients, the loss of independency in activities of daily living, so that the main objective in this project was to recover the injured limb and get the highest degree of functional recovery. The virtual reality system presented in this paper show interesting results when is combined with robotic devices for rehabilitation. These researchers created a robot prototype for the rehabilitation of two degrees of freedom (PUPArm), addition to the virtual reality system, this system introduces the patient in a virtual environment that entertains and motivates the patient.
Different types of researches have explored the vibrotactile sensation as a form to present information for orientation and navigation in virtual environments, as Lieberman and Breazeal [6] performed an experiment in real time with a vibrotactile feedback in a virtual environment to compensate the movements and accelerate the movement of human learning. Bloomfield [7] conducted a virtual training through vibrotactile arrays. This experiment showed a significant improvement in cognition and human perception. One of the focuses to the acquisition of skills through vibrotactile feedback has been studied by Van Erp [8] , who conducted an experiment to study the intrinsic and extrinsic phenomenon involved in the cognitive level when a person moves his wrist through combination of vibration stimulus, these stimuli are provided by vibrotactile devices located in five parts of the forearm and hand of the user. Han B.F. and Van Erp [9] , presented an application of vibro-tactile systems, which are held in physical therapy designed to provide greater autonomy of patients to perform rehabilitation exercises. This assistive technology has the potential to reduce injuries during therapy due to appropriate patient movement and reduce the workload of physiotherapists, thus reducing costs. This paper presents the design and development of a low-cost planar robot system for upper limb rehabilitation (Fig. 1) . This system will help the patients to accelerate their rehabilitation using vibrotactile feed-back and will help the therapeutics to obtain relevant information about the performance of the patient. One of the innovations presented in this paper is the vibrotactile system that will provide to the patient a haptic stimulus and will render in real time a vibrotactile stimulus in order to correct trajectory and position of the patient's upper limbs. 
Technological development.
In this section is described the design of planar robot using the, kinematic analysis of planar robot, the plotting of the planar robot, position sensors, microcontroller functions, the system and the union of all the elements to form the planar robot system.
Planar robot design using Mexican anthropometry.
The planar robot ( Fig. 2) : was designed in order to have have a workspace; two arms, each arm was designed with 2 chain joints, in each upper side it appreciates a base designated to be an axis of each arm; two bases with wheels (brackets left and right forearm of a person), brackets were defined as the End Effector of the system, giving as result the design of 2 arms with 3 degrees of freedom, in each junction were incorporated sensors to measure the position [10] . 
Kinematic analysis of planar robot.
Forward kinematic analysis was carried out to find the location of the end of the robot "end effector" from the joint coordinate values, this was achieved carrying out a homogeneous transformation matrix T, this matrix was able to relate the orientation and position of planar robot taking as reference the fixed axis planar robot, this axis is located at the top of the workspace, it is important to remark that the same calculus were done for the 2 arms that are part of the planar robot. In order to obtain the homogeneous transformation matrix it was used the direct geometric model, which proposes the following formula for the "End Effector":
Represent the first piece of planar robot, which allows rotation of the axis arm. Represents the second piece of the joint forming the planar robot, this was designed with a length of 34cm.
Represent the final piece of the joint forming the planar robot; this was designed with a length of 31 cm. The homogeneous transformation matrix obtained was as follows: x = l2*(cosd (th1)*cosd (th2)-sind (th1)*sind (th2)) +l1*cosd (th1); y = l2*(cosd(th1)*sind(th2)+sind(th1)*cosd(th2))+l1*sind(th1); th = th1+th2+th3;
Graphing the planar robot.
It was designed the user interface to manipulate and observe 2D plots of planar robot's trajectories (Fig. 3) . 
Position sensors.
The sensors used to measure rotation (angles) in each planar robot arm are resistive elements (potentiometers) with a resistive value of 10 KOhm; their outputs were connected to the analog channels AN1-AN3 of PIC18F4423 microcontroller.
Microcontroller.
In order to obtain the information of the angle's position of the planar robot and to send this information to the computer via RS232 protocol, it was selected a cheap microcontroller PIC18F4423. This selection was carried out because of the 12 bits resolution for the ADCs. Therefore it was obtained a reliable measurement in the analog signal of the sensors using this resolution.
Vibrotactile system.
The vibrotactile system (Fig. 4) is integrated by a microcontroller PIC18F4431, 4 dc vibrator motor, 1 xbee module and a wrist strap. The function of the microcontroller is to control the vibration intensity (speed) of the 4 dc vibrator motors; the motors are located as follows: one in the left side of the wrist, one in the right side of the wrist, 1 in the middle of the hand and the last one in the middle of the forearm. These motors are used to send vibrotactile stimuli to the patient and those stimuli correct the path that they are doing during the rehabilitation. In other words, if a patient is doing an incorrect trajectory, the system checks the performance in real time and according to the error generates a vibrotactile stimulus in one of the 4 motors to motivate the patient to carry out the trajectory in a correct way. 
Integration of Elements.
The system is formed by platform with a workspace of 1.40 m long, 70 cm wide and 2.54 cm high. (Fig.5 ). System has 2 joints which serve to shape the ends of the planar robot, each has the following steps: the first joint was 34 cm long, 2.5 cm wide and 0.5 cm high Planar robot is integrated by two cars of 10 cm wide, 25 cm long and 2.5 cm high (Fig. 6) . The objective of these cars is to support the arms of the patients and help them with their movements. The mechanical platform of the planar robot is integrated to the electronic section, in which all the values of the position of the joints of robot are obtained. This information is transferred to the computer via rs-232 protocol. Once the computer has obtained the position of the end-effector, a deviation error is computed between the actual position and the correct/ ideal position, in order to render vibrotactile intensity according to the deviation error of the trajectory of the person. It is important to remark that there are 4 motors located in the left side of the wrist, right side of the wrist, in the middle of the hand and in the middle of the forearm. According to the position of the error, each one of the vibration motors is active. For example, if a user is outside the ideal trajectory, the computer checks his/her position and analyse the zone in where the user is outside the trajectory (left, right, up, down). Once the computer has identified the zone, it renders the vibration to the correct motor (Fig.7) . 
Participants.
Five participants, three males and two females, aged 22 to 26 have been selected to participate in the control group of this experiment. None of these participants had previous experience using this device. 
Method.
The procedure is composed of a preliminary assessment session (Ap) and the final assessment session (A). Each participant had to follow 5 times a circumference of 30 cm of diameter in the clockwise sense during the preliminary assessment session; this session was specially designed in order to generate an adaptation of the participant with the device. Once the preliminary assessment session was finished, the participant had to follow again 5 times a circumference of 30cm of diameter in the clockwise sense (Fig. 8). 
Results.
The figure 9 illustrates the graphics of two patients. The figure above shows the graph of a health patient, while the bottom figure corresponds to a patient with stroke. Can be seen that the healthy person had an error (ē) of 12,527 cm and a standard deviation (σ) of 6.901 cm, while a patient with stroke was an error (ē) of 21,166 cm and a standard deviation (σ) of 19,644 cm. Graphics obtained from 2 patients who completed the exercise to continue the circle Fig. 10 The top graph shows a patient with stroke, while the lower graph shows the patient to correct your path using the vibrotactile system during his rehabilitation
The figure 10 shows the obtained results when patient will stroke used the vibrotactile system for their rehabilitation. The patient at the start without using the vibrotactile system had an error (ē) of 21,166 cm and a standard deviation (σ) of 19,644 cm, while the same patient reaches an error (ē) of 21,166 cm and a standard deviation (σ) of 19,644 cm, with the help of the vibrotactile system. With the obtained results above can be seen that the system vibrotactile stroke patients with a 55.93% was able to correct the trajectory of their movements while performing the exercise to continue the circle marked on the planar robot.
Conclusions.
This paper presented a planar robot with visuo-vibrotactile feedback, which is used for upper-limb rehabilitation. This article presented the design, mathematical modeling of a robot with 3 degrees of freedom and the vibrotactile feedback. The results of the system have allowed getting significant information on the movements that people carried out during their rehabilitation, correcting the paths with a vibrotactile system and at the same time visualizing the movement of their arms which is valuable information for the therapists.
